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Progress Report 


Taste Committee on Pipeline Location 


Purpose: and | generalized procedure of pipeline location surveys are pre- 
_ sented, with emphasis on features of detail location and data required for 
design and special permits. _ Beginning on approval of the route selected by 
reconnaissance, the location survey is the pipeline’ s ‘initial stake- out, The 


results of the survey are plotted to establish the base map for final design 


of 
the solocted route. The line usually is delineated on a strip mosaic or a ar 
graphic, , ownership or county map, that becomes the basic reference for the 
q 


location survey. Features of preliminary design also are shown to guide field 


_ In preparation for this map it may be necessary to acquire new aerial 
shaareiiee at a suitably large scale or to enlarge or reduce available maps. . 
In case of enlargement the possible drawbacks, for location purposes, of 


scalar errors should be considered. 


Note.—Discussion open until February i, Separate discussions should be sub- 
_ mitted for the individual papers in this symposium. To extend the closing date one 
month, a written request must be filed with the Executive Secretary, ASCE. This paper 
is part of the copyrighted Journal of the Pipeline Division, Proceedings of the American — 
Society of Civil Engineers, Vol. 87, No. PL 2, September, 1961. 
_ & This paper will form the basis for a chapter in a proposed ASCE Manual of Engi- 
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as to the delineated line as possible. 
oe The techniques of pipeline location surveys are generally similar to those 
of route surveys for other purposes; hence, they follow general procedures — 


outlined in standard route-surveying texts and manuals, Variations of tech- 
ure relate to the peculiarities of pipeline design criteria and to other re-_ 


quirements and customs of the pipeline industry. 


‘may be by an n independent agency, under an n engineering service 


an agreement, as previously! presented, includes: most of the field 


a given distance, and special equipment. 
- Because the surveying : services usually lie within the ASCE definition of 
the recommended form should not be used as a basis for seeking 
’ competitive bids. Rather it should act as anaid in the process of negotiation of 
7 an agreement with a survey engineer who has been selected after due due consider- 
ation of his qualification to perform the work, 
The following material is a general a of procedures covered by 
the agreement form, as they pertain to pipeline location, © 
a Location survey work can begin inthe field when permission is | obtained for 2 
% survey crews to stake the centerline and property corners. In establishing the a 
staked line, modifications of the paper location may become necessary. Ex- 
perienced pipeline location engineers should, therefore, be prepared to look — 
over the ground and select economical and feasible relocations. There may 
also be a need for right-of-way men, that is, geologists and archaeologists _ 
ought to be available during the location survey work. = 
pe: The surveyed centerline should be marked by stakes every 100 ft or 200 ft, — 
4 using horizontal or tight-slope chaining and keeping deflection angles to a 
minimum consistent with code requirements or the structural | limitations “2 
Field notes and sketches | should be recorded legibly in the field and 
True bearings should be checked and corrected, by reference to ieee 7 
> - observations or known data such as existing triangulation nets, at the start — 


of work and at least every 12 miles. Compass readings should be recorded — 


_ Fence lines also should be pavased and direction shown, All section corners i 
and property co: corners should be tied, either rby swing ties or or intersections, , and _ 


“Pipeline Location: Engineering Service Agreement,” Progress Report Task Com- : 
_ mittee on Pipeline Location, Proceedings, ASCE, Vol. 87, No. PL 1, February, 1961, p. — 
"2 “Status of Surveying and Mapping in the United States,” Task Committee on the 
- Status of — —_ | Mapping in the U. s., Proceeding: " ASCE, Vol. 85 85, No. SU 1, 
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— ; _ tion drawings, as well as for right-of-way acquisition and as-built drawings. 
ey he thus, fit for adaptation to most desired scopes of such services. 

The basis of compensation is a per diem rate, with specified reimburse- 

tat 
4 = 
— a 
possible, points of intersection with land lines should be plussed, and 
es ae, Ct fi ntersection angle he location line with the land line should he recorded | 
— 
— 


properly identified points along on survey should be | provided at at 
all intersections , angle points, and at least every 1500 ft on tangent. ‘Itis “fll 
bs that reference points be identifiable in aerial photographs. Fence lines 
should be flagged where intersected by the staked line, ts” 
~~ ‘Ties’ also should be made to all easements, roads, highways, railroads, 


canals, ditches, electric transmission lines. , and pipelines. In case of = 


telegraph or electric power lines, either overhead or underground, they should 
- be properly tied, giving distance of clearance and number of wires. If for 
pipelines size of pipe or conduit and depth, as well as the ouner 4 of the pipe-_ 
> 
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Deflection Ang¢/e 
nd Station - “i 


Angle of crossing - Minimum 60° 
B- Width of Right of Way 
C- Width of Pavement 
to Public Survey " 
_F- kind of pavernent or surface 50 +t fo J00 fF 
Distance ¢ pavement to Right-of-way 
Furnish protile of line between points 140" 160” 60 
100 feet From rightof-way line — 200" 50° 


FIG. 1. _TYPICAL LAYOUT OF HIGHWAY 


line, recorded, then their stations or mileposts should be equated to the 


‘Railroads and ‘highways ys should be approached as nearly as to 


Where chew crossings are necessary they should located for 


— | 
= 
« 
vie 
.@ 
: 


acute angle between ee line and the installation crossed | is rarely smaller - | 
_ Field data taken at an and highway crossing should include a profile of the - 


depth of pipeline. Other data should include ties to stationing and structures $. 
type of construction and use (primary, secondary, main line-siding), , number 


-—Dellection Anéfe 


and station” 


casing: 


 £nd casing star 


A- Angle of - Minimum 60° 
- Tie fo railroad MPO 


If no M.P is available, te to lection, angle 
C- Width of measured af ri les 
D- ¢ of original track fo 
E- Measurements between ¢ of tracks oe 
4 of casing fo angle point - 
distance eguals the length of casing 
/n neo case should the ongle fall “in in 
right-of-way, 
Furnish profile extending af least 100 — 
beyond right-of-way lit ts. 


Meet casi requirements of railroad. 
6. 


«of lanes or or tracks, and other data that would aid designers. . Typical 1 layouts and 
s amples of highway and railroad crossings are give in Figs. 1 through6. _ 
_ High fills and deep cuts should be avoided. In this connection state and local . 
departments should contacted to determine future improvements 
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Locations across as across 
pipelines and streams, should avoid rock that would have to be blasted. It should — : 
_be noted further whether the material is borable by jacking or other en oe 

and any site drainage problems should be foreseen, 
iver crossings require particularily careful design and, hence, e: ‘extra 
effort during the pipeline location survey. The object is to obtain a crossing 
that will” stay put, enduring scour, ‘undue silting, and damage from debris, 
anchors, vessels and other marine hazards. 


we 


A- Angle of crossing - Minimen 60° 


B- Width of Right-of- 
E- 7ie to Hithway Structure B" Is Make 
F- Kind of Pavement or Surface ‘100 

G- Distance angle point from Right-of- “Way 

90” 100" 


measured af right ankles 
H- Distance ¢ pavement fo Right-of- oo" * 


Furnish profile of between points 140 
100 feet from right-of-way line :180" 50’ 

Far Furnish Genera/ Location Over 300 


FIG. 3. —TYPICAL LAYOUT OF HIGHWAY CROSSING vi A me 


by should be determined whether the streamis navigable or not, If navigable, 


advance and fulfilled | during the location survey. 
Engineering data required at significant stream crossings should start with 
a bank areas for a distance upstream and 


| 
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information on soil types, rock outcrops, evidence of high ‘water, other — 
factors, and availability of construction materials for bedding, rip- 
‘rapping, and other pipe protection. A more detailed examination of this sub- 


ject, including United — ae of Engineers requirements, is forthcoming. ¢ 


Deflection Ant le “a 


100" chord? 
MAME OF Ray, 
casi - slation i 


Deflection 
@nd Station 


Angles between survey line and 100 foot chords - ‘Smaller | minimum 2 60) 
Tie to retlroad mile post, public survey, permenent 
 Fetlroad 

Distance between frocks ly 

Center /ine of main track fo way line y ling 

Fornish protite of Jine between 
beyond right-of-way line 


tornish General Z 
Meet casing of railroad 


. 7 FIG. 4.— _TYPICAL LAYOUT OF RAILROAD CROSSING ON A CURVE 


case of oy ‘the survey ‘should be tied to discovery shafts and the 
corners. “Placer-claim corners should be tied to the survey. information 


found at the claim, such as posted notices and maps, should be recorded, 
~~ Other land lines that should be identified and tied in include the boundaries _ 


of political units, Indian reservations, and preserves such as national 
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— 
— 
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LOCATION SURVEYS 
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=20" 


. =, 
FIG. 5.—E “EXAMPLE 0! OF USED TO SHOW A A TYPICAL ‘HIGHWAY CROSSING» 
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— forests, parks, and wildlile all necessary data or 
_ Notes should show classifications of the country through which the line 
a 7 runs—as to type of land use, both existing and potential, and — ee: &§ 
¢ | &§ 
SZ) 


teat design should be noted and tiedin regardless of the distance from the 
ee It is far better to _ too much pe he than not enough. For 


> 


iM il 


Hil 


important influence on the choice of sites for compression on pumping — 
stations; hence, they may cause significant changes in ees for the the pipeline _ i 


and reservoir locations, sometimes ‘may have an 
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LOCATION SURVEYS 
- location, — in station site location will be described subsequently. = 
a Sia A reasonable distance should be kept from schools, churches, public build- _ i. 
ng. factories, dwellings, and other places of occupancy, so as to conform - 
with good pipelining practice and to applicable codes. = | 
a In areas in which historic dwellings, ruins, or fossilferous objects may be — 


: "found, the proposed location should be shown to agencies having 


aving cognizance of 
: “such treasures, These agencies, including forest and park departments, con- | 


‘servation agencies, and major museums, can advise on areas to be parr 
or to be investigated by archaeologists. The investigations probably : should i 
~ conducted ahead of the location survey work to permit restudy of the line in 
the event of conflicts . Thus, the paper location could be changed intime to 
avoid expensive line changes and the possible need for additional right of way 


The results of the location survey are  plottedt to establish th the base map ane : 
"final design and for construction of the pipeline. 

This report is respectfully submitted by the Task Committee on Pipeline 

4 Faulkner, M, ASCE 


F. Schaffer, F, ASCE. 


E, H, Schmidt, F, ASCE 
O. Schmidt, F. ASCE 
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ou PIPELINE DIVISION 
eedings of the . American Society of Civil 


SYNOPSIS 
ion One ame of gas pipeline engineering that deserves more yre detailed study, 7 
; _ particularly i in light of modern technical achievement made in operating equip 
g : ment in control systems, is the application of the concept of low line compres- 
at sion ratio in conjunction with high mean effective | line pressure to the designand 
= _ operation of gas transmission pipeline systems. The use of this concept in the 
“4 design of such a system may result in greater pipeline  ceeiad and —_ 
- dollar savings both in capital and operating costs. Ty Rrwes 
_ This concept as well as examples of economic benefits that may ‘be a wee 


pet ater between line compression ‘ratio and the v various s analytical factors _ 
involved in pipeline gas flow, and comparative studies of the effect of line com- 
pression ratio and mean effective pressure on the economic of capital 
and operating costs for s pipelines. 


* 


INTRODUCTION 

7 “ularly ° with the X-52 and X-56 grades and the impending (1961) advent of X-60_ 

- grade line pipe, the working pressure of gas transmission pipelines has in- 
creased to more fully utilize the benefits of this high strength pipe. To capi- 
talize on the advantages of high strength line pipe, design | a appears to 
_ Note.—Discussion open until February 1, 1962. To extend the closing date one month, 7 

a a written request must be filed with the Executive Secretary, ASCE. This paper is part 

3 of the copyrighted Journal of the Pipeline Division, seneenange of the — Society 

- _ of Civil Engineers, Vol. 87, No. PL 2, September, 1961. C 


Cons. Engr., ‘San San Rafael, Calif. 
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favor the philosophy of spacing compressor stations as far apart s as possible 

in order to minimize the number of stations and, thus , lower station capital 

_ and operating costs forany given gas transmission pipeline system. This may 

achieve economy in station operations but the potential capacity of the pipe in — 
pe. the system will not be realized. This is so under the condition of far- r-apart a 
a station spacing because the pipe in a constant wall thickness pipeline may be 

pes, _ pressured to code design pressure only during such times as the line is in a 

Ried condition; and in a tapered wall thickness pipeline under line pack con- 

ditions some of the pipe may never be pressured to code design pressure. Dur- — 
a normal operating flow conditions, considerable portions of the pipe in either | 
* the previously noted types of line will be working at pressures: lower than 


. by increasing the mean effective line pressure. This may be accom- 
ws other raising the line design pressure as shown in or ‘by 


lue of pressure 


FIG. 1.—INCREASING Py, BY RAISING Pix FIG. 2. —INCREASING Pax: BY LOWERING r 

lowering the line compression ratio, with design pressure of the line come 


writer intends to explore the compression ratio ) side of the concept with 
Tespect to its application to gas pipeline systems. 
ss The mathematical reductions of various equations are not intended to be 7 &g 


_ rigorous solutions, but rather, informal expr ‘essions of these equations ina 
simple form for clarity of analysis. = 


Tt is that drop in a gas pipeline under ving conditions 


% pression ratio will be considered a as s the compression | necessary to counteract 
_ the line pressure drop, or decompression, in a flowing gas pipeline. ee see 
- Low compression ratio, by definition herein, are considered in the range of 
04 to 1.15 and high mean effective line pressures are e considered in the range 
of 1200 psia and greater. For convenience all discussion of fluid flow will i 


limited to a level pipeline: and to ‘Tatio of the between 4 


| 
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_ COMPRESSION IN PIPE LINES 
compressor stations; thus the of corrections 
and the variability of compressor station pressure losses 
_ Notation.—The letter symbols adopted for use in this paper are defined ia 
_ where they first appear, in the illustrations or in the text, and are bacrengee ‘ 


"RELATIONSHIP ¢ OF LIN! LINE COMPRESSION RATIO ‘AND GAS AS FLOW FACTORS 

' 2 ‘The mechanics of pressure drop ina gas pipeline under flow conditions are 

a complexof interacting and counteracting forces and conditions that act on the 

- flowing gas. Briefly stated these mechanics consist of pressure energy being 

expended to overcome friction resistance to the gas flow; this pressure loss in iy 
permits expansion of the gas, witha corresponding increase in velocity — 

and mean effective compressibility of the flowing gas. Increase of the mean 
Pe compressibility factor causes further expansion of the | gas and in- a 


crease in the velocity of the gas flow. These changes cause further increase 


compression ratio 


Length of line» gt 


“Fic. (3.—TYPICAL FLOW PRESSURE 


pipeline length in the direction o of the gas flow. “sit | 
3 A typical flow pressure gradient for a gas pipeline, as defined by the oo 
flow ow equation an and as shown in Fig. 3, is a curve Vv with the characteristic of rate — 


‘we e drop increasingwith p pipe eline length L. Thus the pressure 


Ap per unit length of line AL with increasing line 


| 
| 
q 
FIG. 4.—TYPICAL r GRADIENT 


te of pipeline pressures. A paar line compression ratio curve for constant 


line flow rate and inlet pressure conditions is shown in Fig. 4 and as 4s indicated — 
spect to increas- 


lenght, ore < 

_ From the preceding analysis it is evident the line pressure drop per incre- 7 


mental length of line is greatest at the. outlet end of the | line — is least at the 


“TABLE a —RELATIONSHIP OF COMPRESSION RATIO SPACID 


in miles 


§ 

energy must be restored by recompression of the gas" in ‘ti line to o maintain 
gas flow conditions it would appear that to arrive at minimum system gol 


- possible to minimize pressure drop in the line by lowering the line compres- - 


—~ ratio. To illustrate the above argument assume a 30 in. diameter pipe- 
= line 100 miles long flowing at the rate of 600,000,000 standard cubic feet of oan 


per day (MMCFD) with a line inlet pressure of 1 ,000 psia. 2 _ Ignoring the effect 
of the gas compressibility factor and station pressure losses, the total pres-— 


7 sure drop for the line as calculated from the assumed data and for various © 
_line compression ratio isas showninTablel, = — 


Table 1 indicates a considerable decrease in overall system pressure re drop 
wig ZAP as line compression ratio is decreased. This lowering of system pres- = 
drop points to savings that might be effected in 


and by deduction from the preceding relations it would appear that a reduction 
pipeline pressure drop, at flowing conditions, for any given system could be 
sure Pj to pipeline outlet pressure Pog (r = P;/ Po), wherein the pressures 
— 
| @ o | o eo 
1.22 1000 | 824 | 176 2 | 362 917 
a 
| 
— 


N IN PIPE LIN LINES | 


ae flow equation as appears in the work of R. V. Smith, ,J. S. Miller and J. i 


Ww. toto has been ‘Selected for convenience only and will be used to fur - ; 


; . which Q is the rate of flow of gas in cubic feet per lids at a standard pres-_ 
sure base, Po in pounds per square inch absolute, and at a temperature base 
oo in degrees Fahrenheit absolute temperature(F° plus 460); P, denotes the line oon 
inlet pressure in pounds per square inch absolute, and P» is line outlet pres- . 
sure in pounds per square inch absolute; d represents internal diameter of the 


pipe in inches; Gdenotes the specific | gravity of the gas in the line on the basis oe 
of air equals 1.00; T refers to the temperature of the flowing gas in degrees a 4 
° ‘Fahrenheit absolute: L is the length of the pipeline in miles; f represents the a 
dimensionless resistance coefficient; Z is the dimensionless average compres- 
_ gibility factor for the gas at flowing conditions; and Krepresents the numerical _ 
elimination of the square root ‘sign, of the 


the gas flow is reduced to ED, 


satavauee OF COMPRESSION RATIO AND LINE FLOW RATE | 


rll To demonstrate the effect of line compression ratio on the flow rate of gas £ 
in a pipeline the basic flow equation is rearranged to read sedated me 


(or z) 
and assuming Q and ras variables and all other factors constant then — _ 
ony 
“Flow of Natural Gas Experimental Pipelines and Transmission 
; ok v. Smith, J. S. Miller, and J. Ww. Ferguson, Monograph No. 9, Bur. of Mines, Lh 
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Seater, 


ets It is inspection of Fig. 5 that as line compression ratio 


1.00 C, rapidly : zero, , and ai as the the compression ratio ap- 


“proaches infinity ‘then slowly approaches 1.00. It is observed that the rate 
‘a end - values of Ci is greatest in the range of low compression ratio. — 


Thus it is ‘noted that increasing the line compression ratio to attain greater 


flow will result in a rate. of — in: qm the region of 


= ot_____ 
‘FIG. —EFFECT OF r ON 


‘os the region of r greater than 2 me rate of change 1 in = val- 


rate 


The ‘range ‘compression ratio the greatest rates of change in& 


by use of the derivative 


Te values occur may be better defined by investigating tl haa aoe of the G, curve 


2) 


The curve representing this derivative is also shown in in Fig. 4, curve 


f the derivative is seen to to break sharply in the area ‘of r equals 1. 20, and it — g 


= 
slowly decr Capes. illus lalpe case OMpression ratio 
ue. “m - ___ gion of r greater than 2 will result in diminishing small increases in line flow 
| 
— 


COMPRESSION IN PIPELINES 


is evident that the Slope | of =- curve changes: rapidly with respect to decreas- 
Cy 
8 we compression ratio ‘in the region . of the curve in which r is less than 1.20. 


the region of r greater than 1.20 the slope of the curve changes very 
_ slowly with respect to increasing compression ratio; thus it is evident that in- 
= _ creasing compression ratio to gain greater line flow will result in a rapid ap- 
+4 


proach to a point of return ina of compression ra ratio above 


RE LATIONSHIP OF OF COMPRESSION F RATIO AND LINE ‘LENGTH 


then by substitution and rearranging the basic equation is in the form ot 


"This equ: equation | is as the relation versus r r in Fig. 6. 
curve is similar to curve shown in Fig. the the 


4 

a compression ratio approaches 1. 0, pe values rapidly approach zero. 


Thus it is seen that of compression ratio in region of the 


4 


he rate in = values ts not too « evident in Fig 6. ‘Further inves- 
ing 


4q isthe of the slope of the 


still does not indicate any sharp change in the However 


cur at compression ratio values below 1.5, and at compression ratio values 
for which ris than the rate. of in Co values — to 
4 ‘compression. ratio is small and ; relatively uniform; thus, it is ‘evident that in- — 


; creasing compression ratio to gain greater li line length between recompression i 


| 
| 
| 
The effect of compression ratio on length of pipeline between recompres- 4 
| 
as aiuce VU U U ALUG q 
4 be means of the derivative 
— 
= 
| 


"points results in a rapid: approach toa point of diminishing ae at compres-_ : 


RELATIONSHIP OF COMPRESSION RATIO 
AND MEAN EFFECTIVE LINE PRESSURE ag 
SS effect of compression ratio on mean effective line pressure is illus- _ 


= 


+ > Pi + Po 


mean effective line pressure in pounds per square 
absolute and all other nomenclature as nares noted. _ By equating Po in 


a : "Inspection of Fig. 7 shows the rate of change in in 
vis numerically at low v values of compression ratio, and 
uniformly to approach a— value of 1, Oasr approaches ‘Further in- 


= -C3 


also shown in Fig. 7, shows no more than the — versus r cul r ‘these 


dicate rates of change in t3 


to r occur at compression on ratio values 6 At. compression ratio values 
_ above 2.0 the rate of change is small and approaches zero slowly. Thus large 
increases in c in a ratio D at values waeres. 0 result in diminishing small 


7 = 

7 
feta 

— 
| 
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buy 


‘FIG. 7. —EFFECT O 


FIG, 8.—EFFECT OF r ON 


orn 
fi 
: 
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changes with respect to r, and as a corollary line compres. 
sion ratio result in high mean effective | line pressures and better utilization of 


‘RELATIONSHIP: OF COMPRESSION RATIO, LINE PACK 


neal Vi represents volume of gas in the packed line in standard cubic feet, a 
and V2 designates the internal volume of the pipeline in cubic feet and all oth- a 
This equation establishes line pack as a function of Pn , and by ee asi 


for Py Pm in terms of r 


the relationship between ratio specific weight of gas 


: the line is the same, except for constants, as the effect of Comes ion ratio — 


= RELATIONSHIP OF COMPRESSION R RATIO. 
AND GAS COMPRESSIBILITY FACTOR 


— 
— 
i 
— 
— &§ 
— 
Fatio on ihe pack 1s the sa line pressure. 
the elfect Of COmpressio sion ratio on mean by the equa- 
at weight of the gas in pounds per cub in pounds 
wherein Po is the specific weight of 
— _inpsia, = 
pressure’ fective pressure P,, inpsia, — 
— By rearranging and 
= 
— 
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COMPRESSION IN IN PIPEL LINES 
in which p an pressure, v is the specific volume, Rrefers to the gas con- 
: and T the absolute thermodynamic temperature, all in consistent units. 
sit has been shown that this ideal oe law is not entirely valid for any actual = 
and that the state of an actual gas, particularly in the range of pressures and 
_ temperatures encountered in modern gas pipelines, deviates from that as de- 
_ termined by use of the ideal gas relationship. _ For instance more gas ol 
weight) can be compressed into a unit volume at high pressure, say 1000 psia 
at 6 60°F, than would be indicated by the ideal gas law. This deviation is com- 
pensated for, usually, by the inclusion of an empirical constant, called com- 
-pressibility factor, in the equation of state for an ideal gas, thus = iad We 


SSRs 


tit The mathematical definition of gas compressibility factor in terms of com- ; 


4 pression ratio involves a complex approach through the application of some 
- one of the various theoretical equations of state for a gas. To avoid the use of 
_ such equations, published values® for the gas compressibility factor have been 
used to relate this factor with compression ratio for various line inlet pres- 
_ The gas compressibility factor is a function of pressure and temperature 
and becomes a direct function of pressure only when temperature is constant. 
2 It is thus possible to relate the mean effective compressibility factor for gas 
_ at constant temperature to mean effective line pressure in terms of line inlet 
‘pressure and compression ratio. This relation is shown in Fig. 8 wherein | 
compressibility factor is plotted against compression ratio for constant gas 
temperature and specific gravity c conditions and for several cnatens of con- — 
_ These Z versus r curves show that the greater rates of change in Z values 


P values of compressibility factor gained by decreasing compression ratio re- 


‘sult ina greater flow rate for any given line size. Flattening of the aee Be 
sibility factor curve for inlet pressure constant at 2000 psia is attributed to Z_ 
values approaching a minimum in the range of 2000 psia which results in a de- 
_ crease in the rate of change of compressibility factor values. Set pe rae 
_ Relationship of Compression Ratio and Temperature of Flowing Gas .—Line a 
compression ratio has been defined herein as the recompression of gasneces- _ 
‘sary to counteract line pressure drop under constant flow conditions . Because 
a _ heat of compression is ; a major source of temperature _ change in flowing gas, 
7 the effect of compression ratio on the temperature of flowing gas, excluding wel 
Joules- Thomson effect, will be ‘Considered on the basis of gas temperature 
_ Using this approach and assuming no aftercooling of the gas in a compres- 
; sor station, the temperature of the flowing gas at compressor discharge can be 
taken as the temperature of the gas at the pipeline inlet. 


ie The effect of compression ratio on the temperature of flowing gas at La 


isentropic compr 


3 “Simplified Compressibility Factor Charts for — Gas Calculations,” by Carl 


Gatlin, Univ. of Tulsa, Tulsa, re 
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mperature both in | degrees Fahrenheit absolute, and k is the 


This is as the relation versus r ‘in n Fig. In Inspection 
this c curve shows the effect of compression ratio ties inlet temperature 


ts fairly uniform, and the rate rate of change in in =— values with respect to r is not - 


too evident. Hence, it is paotonnay | to ales investigate the slope of the 


The curve represen ‘this is paleo at shown in Fig. 9, and again 
x by inspection acenie rates = pends in G values with respect to r occur at 
compression ‘ratio values less than 1.5; thus, low compression ratios have a 
greater lect on 7 inlet temperature than do high compression ratios an 
_ Consideration of the relationship of —— values versus r values, only, ind 


cates that higher line compression ratio would result in lower overall line ‘a 


Sianeli input into the flowing gas. However, total input of temperature 


j 


@ 


into | the flowing gas is a product of the number of compression points in apipe- a ' 
line, which in turn is a function of station spacing or line length as defined 4 H 


avs 


herein. Fig. 6, which shows the effect of compression ratio on line length, in- 7 
_ dicates that the rate of change in line lengthwith respect to compression ratio — 
4 is very small as compression ratio increases in the high range, and ultimate- _ 
ly approaches zero as compression ratio approaches infinity. On the | 
_ hand, in Fig. 9 the rate of change in gas inlet temperature with respectto com- 
pression ratio is relatively uniform in the high range of compression ratio. 
_ Considering the effect of compression ratio on line length: or station spacing, . 
in conjunction with the effect of compression ratio on line inlet temperature, 7 
it is seen that increases of compression ratio in the higher ranges result in 
small increases in station spacing and proportionally greater increases in the 


nlet of ‘Thus it is seen the total into 
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IREMENTS 


e efficiency, is gas flow rate in n pounds 


per minute, H the isentropic head foot - 


in which Qo represents fl flow rate in standard cubic feet per day and V, the spe- 

cific volume at standard conditions; and | (b) mer the “isentropic head «7 


‘compressor inlet (pipeline outlet) conditions. 
these in Eq. 30 


a by assuming the conditions of constant flow rate, gas temperature, compressor 
and r ratio of ‘specific heats, and and letting 


+4 


c "330000 e To k 1 


and ‘substituting; then th the | power may in terms of 


—— l be greater at high compression ratio than ee = 

— 

ag In order to define the power requirements for gas compression ina pipeline 

[a |. under flowing conditions in terms of compression ratio the following equation 

— 

— 

— 

cond 

— 

+ _ Eq. 35 is shown as the relation of & 

and the preceding equations it is noté 


BP ap ated 


 finity the r yianblin a, also approaches infinity but at a lesser rate of change. 


The curve shown in Fig. 10 is quite uniform and ‘the rate of change fin = 


_ values with respect to r is undefinable > by inspection. It is thus necessary to 
further investigate the slope of this curve by use of the derivative 


A curve representing this is also shown in Fig. 10. 


is seen that greater ‘rates of change in HP values 


i: — at com ression ratio of less than 1.5. 


Consideration relationship of r, only, tad to the 
conclusion that higher line compression ratio would onde i ti lower overall 


system power requirements; however, when considered in conjunction with the 


increase of compression ratio in the higher ranges result in small increases ~ 
in station spacing and proportionally greater increases in overall system pow-— iy 


Pa To illustrate the preceding premise, the relationships of line length with 
_ respect to compression ratio and power requirements wan respect to com-— 
ratio are compared as follows: 


for within the constants , the conditions of flow 


rate, pipe diameter, and ratio of f specific heats are assumed constant andin _ 
consistent ie Fig. 11 the values of —— 


"with re respect to lessening values of ¢ compression ratio, and it is sevident the rate _ 


change 1 in values o is at of ratio 10 
= less. this it is reasoned that the greatest savings in system re- 


would be attained at compression ratio of 1.10 and lower. 


To the relationship of compression ratio and pipeline perform- 
ance, overall system power requirements for several line 


| 
1.0 the re i 
I 
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im 
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calculated power requirements are for pipeline losses only in a 1000 


4 miles in cng and cover renges of soengeneniap ratio, pipe size, and line in- 


—. This results ina the low compression ratio 


with Pj constant the line terminal outlet pressure fora low compression ratio | 


system is greater than | for a high compression ratio system. 2 However, this 
penalty does not seriously detract from the demonstration of the low compres- 


sion ratio for if the line terminal outlet were made equal 


‘FIG. 1. OF r ON - 


compression ratio system and would make the comparison of overall system 
_ power requirements all the more in favor of the low compression ratio system. 
— illustrate the difference | between high compression ratio—low mean ef- 
fective pressure and low compression ratio—high mean effective pressure Ssys- 
_ tems, let us assume a 30 in. diameter pipeline flowing 600 MMCFD at 1 ,000 
_ psia inlet pressure and 1.60 compression ratio. Overall power requirements 
for this system, from Fig. 12 (a), would be 130,000 horsepower, whereas for 
the same pipeline at 1.08 compression ratio, and other conditions the same 
the overall system am requirements would be 82,000 horsepower. ‘This 
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= may be obtained by a low compression ratio pipeline system. ee 


7 _ The economic feasibility of a pipeline anaiiees is, in general, governed pri- 
“marily by the factors of market demand and price, supply availability and cost, — 
and transportation distance from source of supply to a market area. 4 From 
these factors pipeline transportation charges are established within the range 
of difference between market price and source cost. Pipeline transportation 
_ charges usually include return on investment, provision for income taxes, and 
cost of business operation, all of which in turn are a function of the capital and 
_ operating costs of a pipeline system. Thus these costs are the basic factors 
is in the determination of the economic feasibility of a pipeline system, pecsum- — wa 
ing that market and supply financial conditions have been established. a i 

_ The effect of market demand, or volume, on the feasibility of a ‘pipeline : sys- 
tem is toestablish the design criteria of initial and ultimate line flow rates and 
a schedule of system capacity increases. _ These criteria are in turn reflected 

: a The effect of market price and ‘supply cost is to establish a range oftrans- _ 
portation charges that must reflect system cost return on invest- 

oat ‘To illustrate the effect of line compression ratio and pressure on pipeline 
_ system costs, estimates of capital and break-even operating costs were made 
- for various pipeline system conditions and are shown in Figs. 13 and 14, The — 
ee curves shown in these figures are based on comparative estimated costs only | 
f and are intended merely as an illustration of the low compression ratio con- : 
_ cept as it is related to the various costs of a pipeline system. ee Oe 
"The comparative estimates were based on a 1000 mile cveelenpiomgll 


length with assumed unit costs for the various line | sizes, inlet pressures, com- 
_ pression ratio, and flow rates shown in Figs. 13 and 14, . The unit costs were 
assumed as constant in all cases possible otherwise were varied | with res- 
pect to pipe size and wall thickness. 
_ The capital costs shown include the estimated cost of material, installation, : 
‘testing, contingency, engineering, and management of construction for a com- a 
plete pipeline system. Excluded from these capital costs are the estimated e 
cost of pipeline right-of-way, damages, land, communication system, classifi- _ 
cation pipe, metef stations, standby compressors, and equipment. 
a The operating costs shown include the estimated cost of pipeline and com- 
_ pressor station maintenance, labor, supervision, and fixed charges. Esciniet 
won from these estimated costs are provision for income taxes and return on in- 
ia aa vestment. The fixed charges include allowance for depreciation, interest on 
debt, and ad valorem taxes; all on a first year basis. 


i. Im influence of line compression ratio on system costs shown in Figs. 13 
and 14 appears as a of both and costs with respect 
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changes ata rate as compression ratio increases. Several ot 


to decreasing compression 1 ratio for all all « cases of pipe size, line thet pressure 
flow rates considered. ‘The diminishing effect compression ratio on 


these costs in the high pressure range, and also the « diminishing effect of com 


Dans cory ratio on system power requirements shown in Fig. 12, are indicativ 


4 


with respect to increasing pipe size and line inlet pressure; thus for the larger BY 
sizes of pipe at high line inlet pressures, the greater portion of both marees 
and operating costs fora system is represented by investment and fixed charges 

for the pipeline; the lesser portion of these costs is represented 
and fixed charges for compressor stations. 5) 

The influence of line compression ratio and mean effective as re-_ 
lated to the financial aspects of a pipeline system is shown in Table 2; esti- aa 
mated costs are compared for line size, inlet pressure, and compression ratio _ 


pression ratio ‘pipeline systems. 


wn 


miles 


1000 


1000 


ee. a First year costs, 


cost, 


| millions of 


dollars 


1000 800 
1000 


cost, in 


225 


256 
2256 


"TABLE 2. COMPAREON OF LOW AND HIGH COMPRESSION RATIO 


Operati ing 


millions of 


dollars per 


annum” 


_ It is noted that line men pressure is sas a major factor and has a signifi- -— 
cant effect on system economics in certain cases of line size and flow rates. 
However, this analysis is ‘concerned primarily with line compression ratio; & 

consequently, rigorous analysis of line inlet pressure effects, in conjunction 


avoid the confusion of having too many subjects under inspection. 


CONCLUSIONS 


_ with compressor ratio, on system economics has been omitted in order to 


- To sai review the relationship of compression ratio and the various gas | 
flow factors as described herein, it is seen that the curves for these factors, : 

as shown in Figs. 4 through 11, all have the same characteristic of curvature; 7 
that is, the slope is greatest at minimum values of compression ratio, and the © 


pd 14 and are intended only to point out the economic potential of low com-— 
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indicate limits of compression ratio above which any omen will result in 


such a small gain in the gas flow factor considered that no further ‘economic. , 
benefit can be realized by raising the line compression ratio. It has been also 


demonstrated that increasing line compression ratio to gain greater 


7 rates or station spacing results, at some limiting value of compression ratio 
excessive overall system power requirements and capital costs. 
— large diameter pipelines the major capital expense is for the cost of pipe 
and pipe installation as compared to cost of compressor stations and other 

°< nominal pipeline facilities. Also during the early years of life ofa pipeline * 
system, the largest items of operating cost are those for interest on debt = 

Rohan . These fixed charges, plus provision for retirement of « debt, are 

_ a direct function of system capital investment; consequently, the greater —_ 
of system operating costs and debt ri retirement is See the age 


cost for pipe and pipe installation. 


inthe pipe, either through variations in wall thickness and size or by mak- 
ing better use of the physical properties of the pipe material. The most promis- ; 
. e. ing of these possibilities is that of making better use of the physical properties 

q of the pipe through application of the low compression ratio principle to gain Bs 
greater overall cost savings and efficiency fora pipeline system. 

{ The increased number of compressor stations required for a low compres- — 
- sor ratio system will not cause undue hardship in costs for such a system but, 


— ‘the low compression ratio. gas transmission pipeline system ‘is ideal for the 

of simplified compressor installation and the use of fully automatic 
unattended compressors, | particularly in conjunction with remote computer 

control from a central dispatch point. 

_ The operation of a low compression ratio pipeline _—_ will pose no un- 
usual problems from a control standpoint, for the reliability and reasonable oo 

cost of installation and operation of modern communications systems, automat 


“3 ic control equipment, instruments, and computer control e equipment has been 


_ In the past any application of the low compression ratio principle to me 
« pipeline system design has been limited by the high cost of installing and oper. a 
ating a large number of compressor stations. However, recent technical ad- 


vances in pipeline compressor design has been such that small compressors 5 
‘ of low head-high volume characteristics and suitable for low cost installation 


and operation are available for service in low compression ratio ae sys- “cig 


- The veaiueetien of the low compression ratio concept to the design of etn 
= systems is feasible and can result in important ‘economic benefits — 
_ through lowered capital and operating costs for such a system. Existing gas 
_ pipeline systems can be modified or expanded by conversion to low compres- 
Be sion ratio operation, in lieu of looping, to gain the benefit of either increased — 
flow rate with a sxininvam capital investment or lower operating cost for a 
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_ COMPRESSION IN PIPE LINES © 


tp 


‘The symbols used in are listed for ease of reference and 


Cc ‘constants as noted; 
§ 1 diameter of pipe, in inches; 

efficiency c of compressor; 
= coefficient, dimensionless; 


= ratio of specific heats of gas; 
L = line length, in miles; 


Ps in psia; 


7 Pm _, = mean effective line. pressure, in p psia; 


= standard pressure bas base, in psia; 


= line inlet pressure, in psia; 


= flow rate of gas, in per hour; 


T temperature of flowing gas, 


tomporature base, in ° F absolute; 


ian 


Ty line outlet in °F absolute; 
= 
line inlet temperature, in °F absolute; 
volume o: of gas in packed line, in standard cubic feet; 


compressibility factor for ge gas, dimensionless; 


he 
= specific weight of gas at m mean san effective line p pressure, in pounds | per cu- 


base specific weight of gas, in pounds foot. ye 


— 
innorsepower; 
— 
— 
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Proceedings of the American Society of Civil Engineers 


= Pipeline engineers are realizing more and more, ‘the importance of con- 
sidering the application of cathodic protection systems in conjunction with © 
Ee coatings to protect and extend the life of pipelines. The staggering - 
yearly cost of corrosion on underground pipelines, amounting to as much as © 
between 2% and 5% of the original investment, justifies the use of substantial 
engineering effort to reduce or mitigate this waste. 
— basic understanding of the causes of corrosion, principles of cathodic — ; 

P protection and an ability to at least assist in 1 the design of cathodic protection no 
_ systems are of considerable value to the present day pipeline engineer. 7 
a Application of coatings and cathodic protection systems should always be 

economically justified. This "requires thorough investigation by « 


engineers in analyzing the expected cost of ‘corrosion, cost : of protection : sys- ‘ 


4 


tems and evaluating the results. Only after this has been accomplished can © 
an intelligent decision be ‘made ‘relative to the merits of bien — 


use of coatings and installation of cathodic protection systems should receive ; 


major consideration in the design and installation of any underground piping ; 


_ Note.—Discussion open until February 1, 1962. To extend the closing date one month, ie 

a written request must be filed with the Executive Secretary, ASCE. This paper is part a 
_of the copyrighted Journal of the Pipeline Division, Proceedings of the American Society | a 
Civil Engineers, Vol. 87, No. PL 2, September, 1961. 

— = California Gas Co., Los Angeles, Calif. 
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system. Essentially, a combination of an adequate coating and a cathodic pro- 


tection system when needed gives as close to the ‘mate in 


Fswecong Engineers a are also well aware that damage from corrosion takes al 
- metals both above and under the ground. It has been determined that one 
‘ampere of current flowing a steel surface through an electrolyte 


ad: = _ amount to $10,000,000,000, and that in the United States, in spite of up-to-date 
methods of cathodic protection, pipeline corrosion alone costs in excess of 


yearly cost of metallic corrosion throughout the world has been estimated to 


$600,000,000 per year.3 One author estimates that the annual cost of pipeline 
corrosion because of leak repairs, and so On may amount to as much as be- 
a tween 2% and 5% of the - original investiment.4 These cost figures certainly 
"justify use of extreme measures to eliminate or certainly mitigate this very 
<4 serious problem. Through proper use of coatings and cathodic protection, if 
it is needed, the corrosion costs may be replaced by coating and protection 
costs of between 1% and 2% of the original investment. 4 This cost reduction is 


- Substantial enough to be highly significant. In addition, there are many other 


“CORROSION DEFINED 
Corrosion ‘can be defined as. the destruction of a metal by an electro- 
oo chemical reaction in which a chemical change occurs accompanied by a trans-— 
a fer of electrical energy. Pipelines, as well as all metals, are constantly ins 
the process of reverting to the elements of their origin and returning to Ss 
_ lower energy state. All iron compounds, once they are exposed to the elements, 
_ start to return to their natural ores, Both the processes of corrosion and cath- 
7 ; odic protection are fundamentally | very simple. The various types of environ- 
ment encountered underground are responsible for making the problem 7 ; 
= corrosion through cathodic protection extremely complex. 
a The chief contributing factors to “underground corrosion are the presence 
of moisture, oxygen and soluble salts in the soil, as wellas the permeability 
; of the soil to these substances, Moist soil acts as the electrolyte, and the 
hydrogen ion concentration in combination with other ions from salts dissolved 
os in the soil determine the electrical resistivity as well as the chemical proper- 
ties of the soil. Oxygen from air or other compounds stimulates corrosion by | a ¥ 


Bd combining with the hydrogen formed during the corrosion process. If hydrogen © 


were allowed to accumulate, it would form an insulating barrier tending to. 


if sufficient oxygen is present to combine with the hydrogen, this insulating 


ot or reduce corrosion, This process is known as polarization, However, 
_ - barrier can not be formed and the rate of corrosion will not decrease. The | 


2 “Mterference Effects in Cathodic Protection, ” by Marshall E. . Parker, Oil and Gas 1 

ost of Corrosion to the United States,” by Herbert H. ‘Uhlig, Corrosion, January, . 

4A Collection of Papers on Underground Pipeline Corrosion, “Economic Aspects of a4 
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‘Every pipeline engineer has experienced insome form or another the effects 
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; eee process is that the products of corrosion may actually build up and 
Fig. 1 shows the classic example of the very ieaieitaes form ofa cei, ; 
cell composed of dissimilar metals. The electrical system ina 

7 battery consists of an electrolyte, a carbon cathode and a zinc anode electrode. 
The carbon cathode is surrounded by the electrolyte, which provides a path or 
metallic ions traveling from the zinc anode to the carbon cathode. . In order to. 4 


complete the circuit, a connection is made between the cathode and the anode 
_ allowing the current to flow. Thus, a simple electrical current flows in a 
closed system. As the current leaves the zinc, it carries small ion nll ws 
_ with it. When the zinc ions are dissolved in the electrolyte, they | are exchanged — “< 


rode will ultimately be. destroyed by the current flow. 
ps 


There are causes of corrosion rent: 
1. Direct chemical attack. 


4 ae” Stray « currents. 


i does not | occur very often. However, there have been rare instances where a Ri 
hes fertilizers placed on lawns or plants have ‘iltered through the soil and around eS 
* a pipeline resulting in a direct chemical attack type of corrosion, lage 
The second type, microbiological attack, is not completely understood a % 
_ this time but as time goes on more is being learned about this type of corro- 
4 ‘sion through field and laboratory investigations, In this type of corrosion, 
certain types of bacteria that inhabit the soil are particularly active in heavy, _ 
poorly drained, swampy areas containing organic material. Corrosion results 
when the anaerobic bacteria in the soil reduces and converts sulfates to sul- a 
_ fides. Most corrosion engineers’ agree that the proper application of a coating, ; 
zl combined with adequate cathodic protection, will be sufficient to mitigate — 
corrosion from microbiological attack. There is also general agreement that 
the level of protection must be higher than in areas where bacteria is not .;* 
4 
_ ‘By far the most serious type of corrosion related to the pipeline industry 
is galvanic corrosion. ‘It is the largest single ‘cause of corrosion in under- 
“ be? ground piping systems. Fig. 2, 3, and 4 illustrate examples of dissimilar 
metal corrosion, a form of galvanic cell corrosion, Fig. 2 shows, in a very 
; “3 simple form, a steel pipe with a copper service connected to it. The steel pipe a 
acts as the anode, or sacrificial metal, the copper service as the cathode. 
: The current flows from the steel pipe through the soil, or electrolyte, tothe 
copper service then back through the steel pipe, Thus the corrosion occurs on © 
the steel — Fig. 3 shows the pitting effects of this type of corrosion on a 
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fy y dissimilar metal or by differential elec-— 
bccur in soils on which acid chemicals or 
ting soil characteristics which encourage _ _ 
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FIG. 3.—GALVANIC CELL CORROSION OF CONNECTION BETWEEN COPPER — 
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steel service it was directly connected to a copper service. The e 
of connection shown in Fig. 4 should also be avoided. In this instance, a copper 


service was brazed ‘to a 1/2 in. . steel nipple. The nipple in turn was threaded — 


’ _ between the copper service and the steel pipe as shown in the lower portion of . 2 
Fig, 2. The insulator prevents corrosion by stopping the flow of ions and breaks _ 


FIG. 4.~GALVANIC CELL CORROSION OF CONNECTION BETWEEN BRONZE VALVE, 


STEEL NIPPLE AND COPPER SERVICE 
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together ina ili will ‘cause current to flow resulting in corrosion of 7 
the anode metal. Magnesium at -2.34 v is the most anodic of the oll 
metals; as such this is the most popular type of anode. The difference between 
_ copper and iron would be their algebraic sum or 0.78 v and this is the primary a 
reason why these metals should not be connected without insulating. Although 7 
the galvanic series chart shows a difference in potential of 1.90 v between 4 7 
f magnesium and iron, te actual measured difference in the field will vary be- 
tween 0.9 v to 1. 5 v. The actual difference in potential between metals is _ 
— The galvanic cell has many different forms attacking a pipeline. 
«good example of a differential electrolyte is shown in Fig. 5, where a pipeline 
= a route from an anodic to a . cathodic area. Notice that the 
anodic area is wet and muddy. The soil acting as an electrolyte encourages the 
current to leave the pipe at that ge The dry, well aerated area acts as a 


% the pipeline back to the anodic ai area. The circuit is completed ‘and ina matter pt 
of time the anodic area will beginto pit. Wa 
__ examples of this type of corrosion are shown in Fig. 6 and “a 
‘The steel service in Fig. 6 was actually coated, however, the combination -: 

poor coating and extremely corrosive desert soil accelerated the corrosion, 
This section of pipe shown had been in service less than 5 yr. An interesting ‘ 7 
_ feature of the 3- ~in. main in Fig. 7is the flat slab indentation characteristics as _ 
well as pitting. The indentations probably resulted from anaerobic bacteria — 
—_— in conjunction peed a galvanic cell. Fig. 8 is an example of extreme — 
oo _ corrosion, This plate was | placed in a very corrosive soil. Complete pitting, — 
as shown, occurredinlessthan2 yr. q 
ss One of the most difficult of all pipeline corrosion areas to find and protect _ 
= d occurs when the top of the backfill around the pipeline is well aerated and the 
bottom is wet with an oxygen deficiency, setting up small galvanic ¢ cells, as 5 
- illustrated in Fig . 5(0). It is very easy for current to flow from the wet area 
to the dry area, , causing pitting to occur on the bottom of the pipe. Unfortunate } 
ly, the current in these small galvanic cells cannot be accurately measured. 
Differences in the metal itself will also cause galvanic cells. Mill scale left : 
on the pipe causes considerable corrosion because it is cathodic to the ~ 


“ae fourth general type of corrosion occurs when stray currents are im- : 
posed upon pipelines, The classic example of this type of corrosion would be 


; - go installed under and adjacent to an an electrified railway as shown on 


= 


= Current ‘supplied by the rectifier 
flows to the anodic ground bed and then disseminates in a wide area. If an un- 


pipeline passes t through the area, it pick up ‘stray (cure 


| | 
| 
— 
—— < the connection between the transmission line and trolley. The electrical flow a 
then down to the rail and back to the generator station. Actual experience 
oe _ ghows that stray currents quite often leave the rails and jump to the closest 7 
Be 4 . available metal which may be an underground pipeline ultimately resulting in 7 — 
a jj corrosion of the pipeline. As shown on Fig. 9, this type of corrosion can be 
"eliminated by applying a drain bond between the pipeline and the generator 
the current to f nineline h to the electrified 
| 
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_ FIG. 7.-GALVANIC CELL CORROSION 
a OF ANAEROBIC BACTERIA CORROSION | 


a bond is installed line to the pro- 
tected line completing the circuit and allowing the current to drain back to its ? 

ie aa are several forms of corrosion but the two most commo 
are rusting and pitting. ‘Pitting, as mentioned previously, is the most seriou 
_ form of corrosion and results from the continued flow of electrical current 
= ions from the | ‘same point on the pipeline. , The » pits gradually get deeper i: 


q 


Anode 


— Rect 


until ultimately they break through the wall of the men pene is, of course, 


< _ essentially the same process except that it is not usually concentrated at one 
point. In both underground and above ground corrosion, , the first step is the © 
formation of ferrous hydroxide. . Reaction with oxygen results in the formation © a 
of ferrous or ferric oxide (rust) which results in rusting on bare pipe held in ; 
storage. Dew collects on exposed pipe, and, because of differences in oxygen 
content different areas of each small drop. of moisture, as well as rill 
~ scale on the pipe, impurities in the metal and so on, current flows and rusting 
_ occurs, The magnitude of the current is so small that considerable time must 
before appreciable damage occurs, Because there are thousands of 
these cells formed, the pipe surface is usually attacked ina 
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heat from the sundries up up these tiny cells during the _ and when they reform 
at night they may form at slightly different locations. This rust builds up on My 


the pipeline and, as has been mentioned provide 
protection against 


The solution may require an application of a coating or cathodic protection or > 
aa combination of both. _ What is hoped for, but never achieved is the perfect 
coating, with no “holidays.” ’ The pipeline is completely protected, therefore 
no current can flow. However, if a break does occur in the coating because of - 
rock penetration, , damage to coating or other causes, and the pipeline is not _ 
oe cathodically protected, the ions leaving the pipe wall at these holidays in the 7 
coating will gradually make a deeper pit building up products of corrosion 
around the pit in their flowto some kind of a cathode. Ultimately, the pit breaks 
ss through the pipe wall. Unfortunately, in localized pitting such as this, corrosion — 
is much more serious because the current leaving the pipeline is concentrated _ 
4 these holidays. To prevent corrosion at these holidays in the coatings, _ 
cathodic protection must be applied. It has long been accepted that there is no 


_ reasonably good job, combined with cathodic protection, gives —_ is generally — 

aecepted as the best method of pipeline protection. 

_ Cathodic protection may be defined as a process a of impressing — 

a current from some external source on the pipeline in such magnitude that u 
a the entire pipeline becomes negative tothe soil. In order to prevent corrosion, _ . 
f _ sufficient external current must be applied to polarize the cathodic areas so 

a “ that their open circuit potential is equal to or greater than the anodic areas. 7 

" ‘The actual installation of cathodic protection may be done in one of two ways: 

= :- _ installation of magnesium anodes, or the installation of cathodic protection © 

_ rectifier stations. Fig. 10 shows a typical magnesium anode installation. The 
: magnesium anodes, usually cylindrical castings weighing 32 lb, are placed in = 
a specially prepared backfill enclosed in a cloth bag and buried within 10 ft of 7 


the pipeline and at a pipe depth sothat the top of the anode is at the same ele- q 
"i vation i as the bottom of | the pipe. The lead wire is brought up to a a test location — : 


in 


their 


i 2 anodes have to be replaced every 10 or 20 y yr thei: 


— 
| 
5 i 
= 
The anode life varies as a result of environment in which it is i 
gained by the installation of anodes are as follows: 
‘There is no cathodic interference, 
“4 i: It is generally less expensive when small amounts of current are re- | - 
— 
— 


The second type of installation, that of a cathodic aniiaites rectifier sta- 
_ is shown on Fig. 11. As canbe seen, the rectifier station converts alter- _ ‘nan 
nating current to direct current and applies the direct current to the ground bo 7 
bed, generally consisting of graphite or Duriron rods, The current int turn 

‘ae necting the pipe with the rectifier station, the circuit is ccanieaan and the pipe 
is under protection at alltimes. The advantages of rectifier installations are as 


- is less expensive ve when | large amounts of current are sapere and it 4 3g 


. It may be used in high resistivity 


‘It can for longer periods of time without replacement. 


vw 


Valve casing _ 
or test purposes) 


FIG. 10.— —MAGNESIUM FIG. _RECTIFIER STATION 


There also for this type e of installation: 


= % ; Generally, more current is required because the source of current is 
than distributed as in the case of anodes. 


of the large amt. it be used in congested 


; oe The break-even point between the use of ‘magnesium a anodes s and rectifier 
stations is between 2 and 3 amp. When more current than this is required to ; 


protect a pipeline, it is usually more economical to install a rectifier station, : 


DESIGN OF CATHODIC PROTECTION 


The design of cathodic protection systems requires an iieenenieiae corro-— 
sion engineer along ' with very thorough and complete field investigations. The 
general criteria for determining the need of cathodic protection is that any 
soil with a resistivity of less than 10,000 ohm cm can be considered as corro- 
: Soil with a resistivity of less than 1,000 ohm cm is extremely corrosive > 
7 while soils with a resistivity of over 10,000 ohm cm are usually not corrosive © 
and may be generally classified as bare pipe areas. The ohm centimeter which 7 
: is the basic unit of resistivity is the resistance in ohms of one cubic ee 


meter of the material in question. 
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| 
The first step a protection system woult be to | 
4 make a soil resistivity survey along the route of the pipeline. There are many 7 
- 4 methods of making these tests. One method uses a soil rod to determine soil 
> 2 resistivity, This instrument is composed of a rod with the tip insulated from q 
3 the rest of the rod. Attached to the rod is a set of batteries along with an f 


alternator to be used in — an electrical current from the tip of the rod — 


Z A more involved and accurate method is to megger along the pipeline route, 
- Four poles: equally spaced are driven into the soil along the longitudinal axis 
“of the proposed pipeline. The megger has a built-in generator which applies © 
current through the soil. _A combination which integrates the 


additional test that may be used in conjunction with either of the two ‘previously _ 
—_ mentioned is the Corfield nipple and can tests. In this test, soil samples taken 
from along the pipeline route are brought into the laboratory and placed 
= small cans. A wired steel nipple is also placed in the can and direct current 7 
‘ple through the nipple into the soil. This is continued for 24 hr. The nipple + 
is measured before and after the test, the weight loss being an indication of 
= soil corrosivity. Regardless of the method used, the soil resistivity data is 
plotted and the areas with extremely corrosive 8 soils is are specified for cathodic © 
protection in addition to the pipeline coating. | 
Once the pipeline has been installed, the section to be protected is insulated 
_ electrically from all other piping. Test leads, usually { installed by the Cadweld = 
_ process are placed at intervals along the pipeline, Test leads are also in- 
"stalled on each side of every insulator. A decision is then made whether to 
_ install anodes or rectifier stations. If the use of magnesium anodes is indi- 
_ cated, one criteria for their installation is to install one anode for each 3,000 ft 
= 3-in well coated equivalent main, Anode installations are usually limited to’ - 
= areas with a soil resistivity of 2,500 ohm cmorless. = ~~ a. 
_ If the decision is made to install a rectifier station, electrical tests must - 
4 be made. Generally, a welding machine is set up to apply current to a tempo- 


5 


‘rary ground bed. This installation is made approximately 200 ft from the pipe- - 
ae line. Directly opposite the ground bed and over the center line of the pipeline | 
7 a a copper | sulfate half cell reading is staken, measuring the pipe to soil geen 


"readings are taken ‘cath way along the long axis of the pipe until the readings a 


. - indicate - -0.85 v. This has been accepted as the minimum pipe | to soil 4 


A 7 necessary for adequate protection. On a well protected | pipeline with a coating 


7 resistance of 300,000 ohms sq ft, one rectifier station may cover up to 50 miles 

8 
Following installation of the necessary ‘rectifier § stations, the area is put on 

7 routine, that is, readings are taken at the lowest pipe to soil potential approxi- > , 

mately every 3 months. If the readings fall below -0.85, the voltage at the 


rectifier ‘station is increased accordingly. Any appreciable ‘differences in 
readings requires immediate investigation. Rectifier readings are made every q 
_ month and any changes in output also requires immediate attention. If the ne are 
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i Long line currents do not occur significantly on newly coated pipelines. 
However , they can be measured by connecting a a voltmeter between two of the 
test | leads inserted on the pipeline. This will give potential readings (because 
= the resistance of the pipe is known, application of ohms law determines the 
current). Corrosion engineers are much more concerned with short line cur- - 


rents which, unfortunately, almost impossible to find or measure. The 
- _ procedure, 2 as 3 previously outlined, is generally followed for the installation of 


‘both new transmission and distribution pipelines. = | 
One method used to check the presence of “holidays” in a coated pipeline 
af after it has been installed is by use. of a Pearson Detector. This at 
wil indicate, as it is being passed along the longitudinal axis of the pipeline, Zl 
whether or not there are breaks in the coating. If it appears that “holidays” — 
are present and that they are of sufficient it is highly desirable 


PROTECTION OF EXISTING PIPELINES 
At times it may be desirable to consider applying cathodic protection to a 
previously installed coated pipeline if the ¢ coating appears to be deteriorating. 
‘The criteria for making this decision is the coating leakage resistance of the 
pipeline coating. This is determined by applying a temporary current to the | 
coated pipeline using batteries and a ground bed. Test leads are installed 7 
approximately 200 ft apart in various sections of the pipeline depending on type 
of soil. _ Voltage readings are taken and the current flowing in the pipeline is 
calculated. At the same time, pipe to soil potentials are taken with a copper 
; -gulfate cell between the two ends of the section under consideration. The total — 
- resistance of the coating in ohms is calculated using the pipeline current and — 

_ pipe to soil potentials, The resistance is multiplied by the total square footage 
in the section to be protected. A criteria of 300,000 ohm sq ft is considered 
good coating leakage resistance. Any coating with a resistance of less than 

100,000 ohms sq ft should be considered for application of cathodic protection. 
“ If, after a study of the coating leakage resistance results, it is decided that 

it will be necessary to consider cathodically protecting the existing pipeline, 
the next step consists of making an economic survey to determine if the cost 

it of cathodic protection would be less than the anticipated leak repair costs 
extended over the period of the remaining life of the pipeline. Again, if the re-_ 

> sults indicate it is desirable and feasible to install cathodic protection, the 

same general procedure is followed as would be the case with a new pipeline, 

JA . soil survey is made to determine the soil resistivity and to specify the sec- 7 a 

: tions of the pipeline to be protected. A decision is made as to the installation — 4 

_ Of anodes or yorerwnnd stations, and the area to be protected is then — 
from all other piping. Pipe to soil potential readings are made after the in-— tl 

stallation of cathodic protection to determine if protection is adequate, correc- 
tions are made if necessary, andthe areais put on routine. Again test readings 

‘ts In areas where stray currents may affect the pipeline, it may be desirable 
~ to measure current with a continuously recording device giving 24-hr readings. , 
It is most important that cathodic protection be applied on a continuous basis © 

. since intermittent or partial protection is, in many cases, poorer than no pro- 

os tection at all, Generally, the routine test readings are taken by operating de- 
partments and and sent to the corrosion engineer for — 
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not up to prescribed standards, maintenance work should be done 


in order to correct the situation. : 
LIMITATIONS: OF CATHODIC PROTECTION 


"There are many reasons why cathodic protection is not always 
1. Protection may not’ be continuously m maintained. = 
2. existing pits ‘May | be ‘so nearly through the pipe wall that current 
will not penetrate to the bottom of the } pits. This might be the problem when | 
applying cathodic protection to existing pipelines. 
_ 3. Unbonded coating may act as an insulating shield to cathodic protection 
_ current, but water which gets in between the coating and the pipe causes corro- 
— 4, Heavy rust and scale built up on the pipe in dry desert areas may act 
as a shield similar to unbonded coatings 
5. Problems of applying cathodic protection may be so great that it ‘is ‘not 
feasible to do so. Downtown congested areas are anexcellent 
example, Too many substructures prohibit protection of old bare main, 
In bare areas soil is not corrosive cathodic protection 


4 
INTERFERENCE 


- eis ee that is becoming more prevalent in this field is that of 
cathodic interference. Cathodic interference may be defined as the damage to 
One company’s pipeline resulting from the operation of another ompeny"s Ss 


cathodic protection system. There two types of damage: 
7 = 1. Damage to coatings due to too high a potential one impressed upon it; ; 


ae: 2. The corrosion of the pipeline as the result of minsinin interference cur- 
rent discharging from it. No current discharge can be tolerated from a well- 

coated high pressure pipeline. With old bare pipelines, it was not always possi- 7 
“ble to prevent all current discharge and in these cases a slight discharge, 


usually not more than 0.1 amp, may be tolerated. ie 
There are four methods of correcting or preventing damage interference 


resulting from excessive. voltage. The simplest way would be to move the 
_ route of a pipeline before installation: the second would be to remove cathodic - 
protection stations that are the source ofthetrouble; the third would be to re- — 
_ duce the output of cathodic protection stations; andthe fourth would be to move f 
the interfered with pipeline. Insofar as current damage is concerned, it may 
be possible to bond between the protected and unportected pipeline and drain | 4 
tm _ One method of handling cathodic protection interference problems before & 
they occur is through the formation of a central electrolysis committee. This 
- _ Committee acts as a coordinating committee insofar as the installation of all a 
cathodic protection stations are concerned. When one company indicates that 
it plans to install a rectifier station, this information is made available to ‘the ft: 
committee. The committee in turn disseminates it to any other companies that © 
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‘ee result from the final resulting savings. The corrosion engineer must, | 
_ to the best of his ability, determine the cost of corrosion, estimate what part of : 
oo the loss would be prevented by application of cathodic protection, and deter- = 
7 mine the cost of cathodic protection. If the savings that can be gained are 
greater than the cost of cathodic protection, the 
12 shows the cumulative costs of corrosion and corrosion 
= and after installation of cathodic protection.5 The facility consisted 
P of 125 miles of 18-in. . diameter natural gas | transmission | pipeline. The pipe- 
= was installed originally in 1909 but when cathodic protection was finally — 
4 applied, less than 1% of the original pipe remained. It had practically all been 
replaced because of corrosion 
ro Some 70% of the pipeline is bare and the resulting current =a 7 
; a pm quite high (in the magnitude of 3,000 amp. The total area of bare pipe 
under protection is about 2,000,000 sq ft and it is protected by 170 rectifier 7 
B units. As would be expected, soil conditions vary widely; some sections in 
:- soil have a soil resistivity of less than 1 ,000 ohm cm, other sections ~ 


have quite high resistivity, in excess of 10,000 ohm cm ein eae ae 
The majority of the cathodic protection installations were made i years 


ago and in that time no replacements have been made. ‘The | cumulative savings 
8 for 20 yr resulting from the installation of cathodic protection are estimated 


to amount to $2,500,000, certainly a substantial sum. ea 
i “Fig. 13 illustrates a group of maintenance cost trend curves developed by © 
‘ the Montana Power Company for their natural gas distribution pipelines. 6 In 7 


1936, a decision was made to cathodically protect the distribution system, | 


By 1940, 80% was under protection and by 1958, 95% of the distribution piping 
was protected. The curve showing the 3-in. equivalent main installed is a 
7 cumulative total for only the piping installed after 1940. However, the main- a 
= cost for m mains and services is the yearly total for the entire distribu- 7 7 


= tion system, The distribution cathodic protection cost is also the | yearly total 


the amount of distribution main installed since 1940 has increased enormously, 


The conclusion to be reached by a study of the data idee that even heagh 


the ‘maintenance charges for the entire distribution system installed since 1934 
_ declined until 1950. The gradual rise at that time can be attributed to the large 
amount of piping installed and the fact that some of the older mains would 
undoubtedly be due for replacement. The rising distribution cathodic protec- 
tion costs are to be expected with the increase in total piping. Without applica- 
tion of cathodic protection, the maintenance cost curve would have cont continued © 


7 5 “Cathodic Protection as Applied to Underground Metal Structures, ” Federal Con- 
struction Council - Task Group T-27, May, ee rears 

“A History of Cathodic Protection,” by C. R. Davis, Gas, ‘Vol. 139, ‘March, (1960. 
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-when considering cathodic protection systems: 


_ i. Only those e pipelines requiring cathodic protection should be protected. 
Experience, thorough field investigation and economics should determine | 
_ whether or not a pipeline or : a portion of a pipeline needs cathodic protection. = 


_ The added cost should always be justified by the economic savings to be gained. 
me 2. Insofar as applying extra thicknesses to pipe walls to allow for corrosion, 
a is a very expensive and ineffective coating for 


pipeline. 


“reducing leakage in all instances has been applied, but 

be effective it must be kept i in operation. continuously and maximum benefits 

are obtained only f it is installed before the cat adie: has been seriously, 


_ Soil corrosion is characterized by many variations and a as s such is much _ 
more complex than atmospheric or water corrosion, This factor coupled with 
the large | dollar loss resulting from underground corrosion justifies the use 

of the very best engineering talent and experience available when designing the 

coatings and cathodic protection systems, 
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R HUBBARD, 1M. as ASCE.- states that there is no reason n why non- 
. ot. prestressed concrete pipes cannot be used for internal diameters less | 
than 1 ft. Hasker is correct insofar as structural design is concerned. There 
is no theoretical limitation in the smallest or the largest size of prestressed _ 
_ pipe that may be made. The writer’ 8 approximate size limitations are based is 
economic considerations. These, and hence, the practical size range all 


tobeused, 
It is technically possible to produce non-cylinder pipes which 
will withstand internal pressures greater than the 350 psi mentioned by the 

3 writer. Proof of this is the 33-in. diameter pipes in Austrailia mentioned by 
-Hasker. These pipes were tested to 435 psi. The 350 psi mentioned in the 
-writer’s paper was intended to be an approximate practical working max maximum, 
lt is agreed that higher values may be obtained. The writer has conducted 
tests as high as 525 psi on 33-in. prestressed pipes without failure. educa 

_ _Hasker states that authorities frequently disagree on methods of combining _ 
-— effect of internal and external loads. This is true, but it was thought that | 

some mention of the subject should be made. The methods shown are intended | 7 

_ only as a guide and not an attempt to cover the subject indetail, oe 
The writer disagrees with Hasker’s statement that earth loads are usually — 
negligible. ‘There are many instances, at least in the United States, where 
 Genigne require considerable earth cover and the resulting loads are by no 

a. acknowledgment of Hasker’s remark pertaining to tensile stresses, ‘it is 
agreed that they are of considerable importance indesign and must be checked | 
to be certain safe values are notexceeded. 
att Hasker ‘is correct ‘stating that addition of direct and bending stresses” 
does “not yield a correct average | value. However, , direct addition of these 
stresses at the extreme fiber, that is atthe inner or outer surface of the pipe, 

_ as indicated in the paper would appear to yield a correct value at these points. : 
__ _Hasker emphasizes that the coating strengthens the pipe with regard to 
feternat and external loads. ‘This is true and it is generally regarded as an 7 
additional factor of safety. Attempts have been made to properly assess the © 
eel value of the cover coat, but it is felt the assumptions necessary i 

perform computations for evaluating the « coating € effect do not warrant including 
7s as anything other than an additional factor of safety, 
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= “i October 1959, by S. R. Hubbard (Proc. Paper 2240). re _ 
-Pres., Cen-Vi- Ro Pipe Corp., Shafter, Calif. 
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